Investigation of reactivity and structure formation in a K-Te-U oxo-system under high-temperature/ high-pressure conditions † The high-temperature/high-pressure treatment of the K-Te-U oxo-family at 1100°C and 3. 3 the chemistry of the uranium tellurium family has attracted increasing attention in recent years. This is, in particular, with regard to its diverse structural chemistry as well as the key roles it plays in environmental issues. Tellurium is one of the highly corrosive fission products that forms in different chemical states in spent nuclear fuel. 4, 5 The reaction of tellurium with actinides such as Th, U and Pu, as well as other fission products can produce currently unknown metallic and oxide compounds. 6, 7 The phase formation and structural chemistry of these tellurium-bearing compounds are the prerequisites for understanding and modelling the complicated processes in a reactor.
Under oxidizing conditions, uranium is usually found in a hexavalent state in solutions and in the solid-state. The U VI is dominated by the configuration of the so-called uranyl cation (UO 2 2+ ) formed via connecting two oxo oxygen atoms with one uranium center. It exhibits a linear geometry that can further coordinate with four to six ligands perpendicular to its linear direction resulting in tetragonal, pentagonal and hexagonal bipyramidal polyhedra. [8] [9] [10] [11] [12] Tellurium, typically occurring in either a tetravalent or a hexavalent oxidation state, also bears fascinating structural chemistry. Te IV has a very rich structural chemistry coordinat- which plays the role of a terminating ligand to cause one-sided coordination. 12, 25, 26 As a consequence, the presence of a nonbonding volume on the Te 4+ centers can either reduce overall dimensionality from 2D to 1D through blocking the propagation of structural linkages or cause pore volumes through opening up the crystal structure. 27, 28 In spite of the promising application potential for open framework materials, detailed studies associated with a targeted design have been barely reported. Recently, we addressed that the formation of a 3D framework can be directly affected by the reaction conditions such as temperature and pressure. 29 Following this, we discussed the influence of high-temperature/high-pressure conditions on the formation of atypical structural features present in the solid-state uranium compounds. 30 The extreme synthesis conditions play an important role in enhancing and improving the structural diversity and complexity that uranium can adopt. Under high-temperature (up to 1200°C) and high-pressure (near 2.5 GPa) conditions, a totally novel family of uranyl borates where UO 6 , UO 7 , and UO 8 tetragonal, pentagonal, and hexagonal bipyramids are all present within one compound were prepared. 31 In addition, this method is also helpful for yielding structural features that have not been observed with traditional synthesis conditions, as exemplified by the isolation of the first thorium compound with mixed-valent oxoarsenic(III)/arsenic(V), 32 as well as the first actinide aluminoborate. 29 Continuing in this direction, here, we substantially expand the uranyl tellurium family through the application of a high-temperature/high-pressure route that yields four new potassium uranyl tellurium 
Experimental section

Crystal syntheses
Note: U used in this study belongs to an α emitting radioisotope and thus standard precautions for handling radioactive materials should be strictly obeyed at all times. The titled four uranyl tellurium crystals were prepared by using high-temperature/high-pressure experiments using the piston cylinder module of a Voggenreiter LP 1000-540/50. The raw chemicals used were A. R. grade UO 3 , KNO 3 (Alfa-Aesar), TeO 2 (Alfa-Aesar) and H 6 TeO 6 (Alfa-Aesar) and used without further purification. The UO 3 was obtained by heating (UO 2 ) (NO 3 ) 2 ·6H 2 O at 400°C for 5 h. All the syntheses were performed using similar experimental procedures; the only differences were the ratios of starting chemicals, applied temperature and pressure. First, the starting materials of UO 3 , KNO 3 , TeO 2 and H 6 TeO 6 were weighed with the desired ratio, then were mixed and finely ground. Second, the obtained mixture was filled into a platinum capsule (outer diameter: 4 mm, wall thickness: 0.2 mm, length: 7 mm). Third, the capsule was sealed on both sides with an impulse micro welding device (Lampert PUK U4) and placed into the center of a 1 2 -inch piston cylinder talc-Pyrex assembly. The calibration procedure of the piston cylinder module is described in ref. 32 . After this, the corresponding pressure and temperature were applied on the capsule to perform the crystal synthesis. A detailed description of the chemical ratio as well as the pressure and temperature profile for each crystal synthesis is as below. 4 ]. This leads to a U : K : Te ratio of 1 : 2 : 4. A pressure of 3.5 GPa was applied within 30 minutes and this pressure was kept constant for the whole experimental run. The temperature program was started only after the desired pressure was reached, and the associated temperature is as follows: first, the temperature was increased to 1100°C within 30 minutes, and then held at this temperature for 180 minutes. After this, the temperature was decreased to 900°C within 60 minutes. Then, the temperature was slowly decreased to 350°C at a rate of 0.14°C min −1 followed by quenching to room temperature. The quenching time of the sample is about 2 to 3 seconds. After quenching, the pressure was released in a period of 30 minutes. Finally, the platinum capsule was crushed in order to extract the reaction products out of the high pressure assembly. 4 ]. This results in a U : K : Te ratio of 1 : 2 : 3. A pressure of 3.5 GPa was applied within 30 minutes and this pressure was kept constant for the whole experimental run. The temperature program was started shortly after the desired pressure was reached, and the temperature program is the same as that of α-
After the experiment, the products with dark yellow color were found. Because of the difficulty to discern the crystals from broken glass pieces, the yield cannot be obtained. 
Crystallographic studies
The as-obtained uranyl tellurium crystals were selected for data collection. The crystals were mounted on glass fibers and optically aligned on an Agilent single crystal diffractometer (SuperNova, Dual Source). The data collection was done using a monochromatic Mo-Kα tube which has an incident wavelength of 0.71073 Å and runs at 50 kV and 0.8 mA providing a beam size of approximately 30 μm. A scan width of 0.75°/ω and an exposure time of 35 s per frame were used for data collection, respectively. The unit-cell dimensions for these crystals were refined using least-squares techniques against the positions of all measured reflections. More than a hemisphere of data were collected for each crystal and the three-dimensional data were reduced and filtered for statistical outliers using the standard CrysAlis Pro program. Data were corrected for Lorentz, polarization, absorption and background effects. The crystal structure determination and refinement were carried out using the SHELXL-97 program. 33 The data and crystallographic information are given in 
Raman studies
Utilizing a Peltier cooled multi-channel CCD detector, the unpolarized Raman spectra were recorded with a Horiba LabRAM HR spectrometer. All the samples were in the form of single crystals. An objective with a 50× magnification was linked to the spectrometer, allowing the analysis of samples as small as 2 µm in diameter. The incident radiation was produced by a He-Ne laser at a power of 17 mW (λ = 632.81 nm). The focal length of the spectrometer was 800 mm and a 1800 gr mm −1 grating was used. The spectral resolution was around 1 cm −1 with a slit of 100 µm. The Raman spectroscopic investigation for all the samples was executed at room temperature in the range of 100-1050 cm −1 .
Bond-valence analysis
Bond-valence sums (BVS) for all atom positions in the four uranium tellurium compounds were calculated. 35 The BVS for all atoms are consonant with their expected formal valences.
Scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS)
Scanning electron microscopy images and energy-dispersive spectroscopy (SEM/EDS) data were collected using a FEI Quanta 200F environment scanning electron microscope. The EDS results are in good agreement with the proposed chemical compositions for all the four tellurium uranium compounds.
Results and discussion
Synthesis
Attributable to the weak thermal stability of tellurium compounds, [36] [37] [38] their synthesis needs to be performed either at relatively low temperature or under sealed conditions. In fact, most reported uranyl tellurium compounds were either from the low-temperature (180-220°C) hydrothermal method 24, 39 or a high-temperature (around 800°C) flux method 40 which allows the crystal growth at a temperature far below the melting point of the solute. In our recent work, 41 we described the preparation of a series of novel sodium uranium tellurium compounds using the high-temperature/highpressure technique. The advantages of the high-temperature/ high-pressure method include the ability to stabilize crystalline phases which are difficult to obtain under normal conditions. Besides, the sealed conditions prevent the sublimation of tellurium oxide and evaporation of H 2 O molecules. The formation of the four uranyl tellurium compounds is strongly associated with the molar ratio of the starting materials (KNO 3 Te (1) is in the form of a disphenoidal geometry (TeO 4 ). It is coordinated with four oxygen atoms, and with its electron lone pairs pointing towards the cross corner (see Fig. 1(c) ), whereas Te(2) is surrounded with three oxygen atoms in a trigonal pyramidal configuration (TeO 3 ). The Te(2) atom is off-centered from the triangular base (see Fig. 1(d) ). It is noted that the fourfold Te Fig. 1(a) ). The Te (1)
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2− chains propagating along the a-axis direction ( Fig. 1(b) ). The lone electron pairs of Te (1) Fig. 2(b and c) . The local linkages inside such building fragments can be described using the method of anion topology 46 and the result is shown in Fig. 2(a) . In this anion topology, the triangles are filled with Te polyhedra (TeO 3 or TeO 4 ) while the squares and pentagons are occupied by UO 6 and UO 7 , respectively. In the former structure, the observed U-Te building fragments are fused together, with the linkage of additional TeO 3 polyhedra, resulting in a terraced configuration ( Fig. 2(d) ), whereas the adjacent U-Te building fragments in the latter compounds are fused side-by-side within a plane ( Fig. 2(e) 4 ], the corresponding triangular area in the anion topology graph cannot be exactly occupied by a four-coordinated TeO 4 disphenoid. In this case, the remaining two oxygen corners of this TeO 4 which do not participate in triangle composition can be further linked "up" and "down" relative to the U-Te building plane with additional TeO 3 units (highlighted in Fig. 2(d Fig. 3(a) ). The asymmetric unit contains one crystallographically independent U and one Te atom. The U(1) atom is formed in an almost ideal hexagonal bipyramid, with UvO bond distances of 1.788(10) Å (×2), and the OvUvO angle of 180.0(0)°. The equatorial U-O bond distances are all equal to 2.445(6) Å. As given in Fig. 3(b The FBBs link together via a corner-sharing manner to form a complex 3D system of channels. When viewing from the c-axis, one can find that the largest channel runs though the U-Te lattice (highlighted in Fig. 6(a) ). This channel, with an eight-ring pore opening, is occupied by charge compensating K + cations. It has a cross-section of an elliptic shape and the dimensions of around 5. 52 The largest channels propagating along the c-axis is shown in Fig. 6(b  and c) . The corresponding topological net is given in Fig. 6(d) .
From the idealized unfold topology (see Fig. 6 (e)), one can note that the infinite U-Te channel is assembled from seven- and three-membered rings. Due to the existence of a twofold rotational axis, the topological net is achiral, which is consistent with the space group P2 1 /n. Each uranium polyhedron (black node) is four-connected while each tellurium polyhedron (white node) is three-connected. It is noted that this channel structure can be re-constructed using a folding and gluing procedure. First, the equivalent points on the sides of the tape were labelled by letters a, b and c. Then the tape was folded by joining the corresponding opposite sides (aa′, bb′ and cc) to make a cylinder. The idealized topological structure for the tubular unit in α-
consists of [UTeO 7 ] 2− anionic layers propagating along the bc plane. These two-dimensional anionic layers are shown in Fig. 7(a) . They are separated from each other by K + cations playing the role of maintaining charge neutrality. As shown in Fig. 7(b and c) 4 ] are further fused together through corners resulting in infinite chains.
Raman spectral analysis
The Raman spectra for all the four uranyl tellurium compounds are presented in Fig. 8 . It is noteworthy that the vibrational data on tellurites/tellurates are well-established in the literature, 54 however, very little research has been under- 
where d U-O is the bond length of UO 2 2+ . The calculated ν 1 and ν 3 values together with the corresponding uranyl site geometries are given in Table 2 . For all four compounds derived from 
Conclusion
This work enhances the poorly investigated area of the actinide chemistry under extreme conditions of pressures and temperatures. Amid all the synthetic uranyl tellurium compounds in the literature, most were isolated via employing mild hydrothermal (around 200°C) conditions in a Teflon-lined autoclave, and a few were synthesized at high-temperature (around 800°C) using alkaline chloride as the flux. 22, 40 The obtained novel uranyl tellurium compounds in this work are structurally more complex than those produced under ambient pressure or mild hydrothermal conditions. The structures of the title compounds demonstrate the considerable flexibility of tellurium polyhedral geometries (Te   IV   O are isolated in the 3D framework, which is a sharp contrast to the dominant 2D layered structures among uranyl compounds synthesized under regular conditions. Thus, it is clear that the extreme conditions allow for the formation of atypical structure types with structures more complex and dimensionalities more variable than expected. The chemical behavior of uranyl tellurium compounds under extreme conditions is very sensitive to the nature of counter cations. Small changes in the composition can give rise to dramatic different chemical compositions and structural properties. Compared to the sodium uranyl tellurium family 41 where the high probability of noncentrosymmetric and polar structures are observed, the larger cations of the K + -based family in this work are centrosymmetric and nonpolar. The ionic size of the present cations is of major influence to control the macroscopic polarity (eight-coordinated Na + ,
1.18 Å; eight-coordinated K + , 1.51 Å), 68 which should therefore be taken into consideration for the further investigations aiming at elucidation of the pressure influence on the structural and chemical formation of the actinide inorganic materials.
